In vitro assembly of tobacco mosaic virus (TMV) from its constituent RNA and protein occurs in two steps: formation of the initial complex by interaction of the 5'-end of TMV-RNA with 20S protein aggregate, and growth of the helical rod by sequential addition of protein subunits.
Rod-shaped viruses are the simplest biological structures that can be used for study of the self-assembly process. Tobacco mosaic virus (TMV) has been assembled in vitro from its constituents, RNA and protein (1) , and possible models for the assembly process have been proposed recently by several groups.
Butler and Klug (2) have concluded from their observations that the reconstitution of TMV does not proceed by the stepwise addition of single protein subunits, but by the stepwise addition of the two-ring structures of 20S aggregates.
On the other hand, we have proposed another model for the assembly process (3) . Our model consists of two steps: formation of the initial complex and growth of the helical rod. The 20S aggregate is needed only for formation of the initial complex with the 5'-end of TMV-RNA; rod elongation from the initial complex proceeds by stepwise addition of protein subunits. This model was confirmed by use of N-bromosuccinimide-modified TMV-protein (4).
Richards and Williams (5) have investigated independently the assembly of TMV by electron microscopy and concluded that rod elongation takes place by the sequential addition of structures of the size of A-protein or smaller to the rod previously initiated by 20S aggregate and TMV-RNA. Their results are in good agreement with our model.
In this report, we describe an additional investigation of the role of the protein aggregate and subunit in the assembly of cucumber green mottle mosaic virus (watermelon strain; CGMMV-W). CGMMV-W (6) is rod-shaped, with the same length and width as TMV. From the chemical and immunological characterization, CGMMV-W is considered to have an ancestral relationship to TMV. CGMMV-W protein can assemble with CGMMV-W-RNA or TMV-RNA to form a parental virus or a hybrid virus (7) . The formation of an infective particle by assembly of CGMMV-W-protein with CGMMV-W-RNA is difficult to investigate because CGMMV-W has no local lesion. In this paper, the assembly of CGMMV-W-protein with TMV-RNA is studied in detail.
The results show that the mechanism of the assembly is fundamentally the same as that of TMV, although the sS2o, is 13S, probably a single-ring structure, in contrast to the 20S doubledisk structure of TMV. Protein aggregates are needed for initiation of assembly. The helical rod does not grow by addition of 13S aggregates but by incorporation of protein subunits. This is direct evidence in contrast to Klug's model.
MATERIALS AND METHODS
TMV, Japanese common strain OM (8) , and CGMMV, Japanese watermelon strain (9) , were purified by differential centrifugation from systemically infected leaves of tobacco (Nicotiana tabacum L. var. Bright Yellow) and of cucumber (Cucumis sativus L. var. Hatsukari), respectively. Proteins were prepared from these viruses by the acetic-acid method (10) . TMV-RNA was prepared by phenolbentonite extraction (11) .
Reconstitution experiments, unless otherwise specified, were performed by the method of Fraenkel-Conrat and Singer (12) ionic strength. The assembly did not occur at a concentration below 0.05 M pyrophosphate (pH 7.2) or below 100. An electron micrograph of reaction products could not distinguish the structure of the assembled particle from that of intact CGMMV or TMV.
13S protein aggregate of CGMMV-protein is necessary for initiation of assembly
In the process of assembly of TMV from its RNA and protein, it was proved that 20S protein aggregate is necessary for initiation of the reaction, and that it provides the basic structure of the virus particle (2, 3) .
The state of aggregation of CGMMV-protein under various conditions was examined, taking into consideration its relationship to reconstitution. In conditions favoring reconstitution, the protein was always found in the form having a sedimentation constant of 12.8 S (for convenience we refer to this Fig. 2 . This previously incubated protein is here referred to as CGMMV-P(Aggr.).
A reaction mixture containing TMV-RNA and CGMMV-P(Aggr.) in a ratio of 1: 6 (w/w) in 0.1 M pyrophosphate buffer 2) was preincubated at 250 for 24 hr. This aggregate preparation, CGMMV-P(Aggr.), was mixed with TMV-RNA (0.1 mg) in the usual manner at 250. (C) A mixture of 3 mg of CGMMV-P(Aggr.) and TMV-RNA (0.1 mg) was chilled to 00 after 1 hr at 250. After cold-treatment for 1 hr, the sample was warmed again to 250 and incubated. After incubation for various times, the infectivity of the reaction mixture was assayed. Rates of reconstitution are expressed as the infectivity of each sample as a percentage of that of the preparation obtained by the usual method at 250 after incubation for 24 hr.
was incubated at 250 for 1 hr. An excess amount of CGMMVprotein was then added and, at the same time, the concentration of buffer was diluted to-0.05 M, where CGMMV-protein is not detectably polymerized. After incubation at 25°over-night, infectivity was assayed. As shown in Table 1 Fig. 3B ). On the other hand, a reaction mixture containing TMV-RNA and CGMMV-P(Aggr.) was chilled to 00 after 1 hr at 250, thereby dissociating all the 13S protein aggregate not RNA-bound to protein subunits. After 1 hr at 00, the reaction mixture was warmed again to 25°. This cold-treatment effected rapid and complete assembly as shown in Table 1 RNA and 13S protein aggregates of CGMMV is already formed before cold treatment. The 13S aggregate is unable to elongate the previously initiated rod. Rod elongation is due only to the incorporation of protein subunits.
The assembly of TMV-RNA with CGMMV-protein has a time lag of about 45 min at 250. However, the infective particle appeared immediately after rewarming the cold-treated reaction mixture containing TMV-RNA and CGMMV-P(Aggr.) (Fig. 3C) . This indicates that the rate-limiting step is the formation of 13S aggregate. DISCUSSION Rod-shaped virus is an example of the simplest organized structures with specific biological function. Study of its assembly from its constituents should cast a fundamental light on the morphogenesis of more complex viruses or organelles. The possible models for the assembly of TMV have already been proposed by Okada and Ohno (3) and by Richards and Williams (5), independently. From the present results, together with the previously proposed model for the assembly of TMV, we would like to propose a model for the assembly of CGMMV.
Under conditions favorable for assembly of CGMMV in vitro, that is, in 0.1 M pyrophosphate (pH 7.2) at 250, the dominant form of the protein is 13S aggregate, which is deduced to be a single-ring structure as seen later (Fig. 4, A -0 B ).
The aggregate is necessary for initiation of assembly. The time necessary for formation of the 13S aggregate from protein subunit is 40-45 min at 250, shorter than that for TMV.
The single-ring aggregate interacts immediately at one end of the RNA in a special initiation sequence to form an initial complex (Fig. 4, B --C) . Both protein aggregates of TMV and of CGMMV seem to have similar RNA-binding sites such that they are able to select the 5'-end of TMV-RNA in their combinations. The initial complex of TMV consists of RNA and a double-disk aggregate, whereas that of CGMMV is a complex of RNA and a single-ring. The conversion of aggregation state from the disk to the helical mode is brought about by interaction with RNA (2) .
Once the initial complex is formed, growth of the rod takes place by the addition of identical protein subunits. The initial complex between TMV-RNA and CGMMV-protein aggregate recognizes and incorporates only CGMMV-protein subunits to form an infectious rod; other proteins are not incorporated (13) . The 13S aggregate is unable to effect growth of the rod. As seen in Fig. 3 , the assembly of TMV-RNA with CGMMV-P(Aggr.), almost all of which consists of 13S aggregate, 3 3Q 3 scarcely occurs even after incubation for 24 hr, whereas coldtreatment in the course of incubation, which dissociates the 13S aggregate to protein subunits, effects formation of the infective particle very efficiently. The phenomenon is shown schematically in Fig. 5 ; the initiation complex does not further react with single-ring aggregate (B -> E), and rod elongation takes place by the stepwise addition of protein subunits dissociated by the cold treatment (B -* C -D). Butler and Klug concluded that the reconstitution of TMV proceeds by the addition of 20S double-disk aggregate to the growing rod. As mentioned previously (3), we don't agree with their conclusion. With TMV, a 20S disk preparation containing no subunits was not obtained, so analysis of the growth reaction by use of 20S aggregate could not be performed directly. However, from the results with 13S aggregate of CGMMVprotein, it seems likely that the stepwise addition of protein aggregate of disks to the growing rod is generally impossible in the assembly process of rod-shaped viruses. Our previously proposed model for rod elongation is confirmed by jhe results with CGMMV: protein subunit interacts with the growing helix and its RNA tail. By the interaction of protein subunits with RNA, the disk configuration of protein is transformed into the helical configuration; it then adds to the growing helix (3) .
It was demonstrated by sedimentation velocity experiments that CGMMV-protein subunits form stable 13S aggregates under conditions favorable for assembly. From the values of s32o (12.8 S) and the diffusion coefficient D2o,t (3.45 X 10-v cm2/sec), determined by use of a synthetic boundary cell and the height-area method (14) , a molecular weight of 35.2 X 104 was calculated by the Svedberg equation (15) . The value of 0.743 ml/g for the partial specific volume of TMV-protein was used for CGMMV-protein. The 13S aggregate is thus composed of about 20 subunits, the molecular weight of each of which is assumed to be 17,500 (9) .
If hydration of the coat protein is assumed to be in the range of 10-35% of the anhydrous volume, the same as that of TMV-protein (16), the shape factor offrictional ratio, (f/fo)shape, is between 1.28 and 1.20 (17) . By Perrin's equation (18) , it is possible to express the degree of asymmetry of the 13S aggregate in terms of the axial ratio, a/b, which an oblate ellipsoid would have to produce the observed value of (f/fo)hape. Reference to Schachman's table (19) leads to an a/b value of between 6 and 5. If CGMMV-protein forms a single-layer disk with a diameter of 180 A and a thickness of 25 A, its axial ratio is 7.2. On the other hand, if the subunit is aggregated to a two-layer disk with the same diameter and a double thickness similar to that of the 20S aggregate of TMV-protein, its axial ratio becomes 3.6. This calculation suggests that the 13S aggregate resembles the single-layer disk consisting of 20 subunits. To obtain better agreement between the calculated and observed values, the physicochemical and structural characters of CGMMV and its protein must be studied in more detail. Nevertheless, it seems reasonable to regard the 13S aggregate as a single-layer disk.
